A one-dimensional ͑1D͒ model for a methane rf plasma consisting of 20 species ͑neutrals, radicals, ions, and electrons͒ is presented. The equations solved are the particle balances, assuming a drift-diffusion approximation for the fluxes, and the electron energy balance equation. The self-consistent electric field is obtained from the simultaneous solution of Poisson's equation. The electron-neutral collision rates are expressed as a function of the average electron energy. These expressions are obtained from the solution of the Boltzmann equation using the Lorentz approximation. The results presented in this article are limited to the alpha regime, hence no secondary electrons are considered. In total, 27 electron reactions ͑vibrational excitation, dissociation, and ionization͒ have been included in the model, as well as seven ion-neutral reactions and 12 neutral-neutral reactions. The 1D fluid model yields, among others, information about the densities of the different species in the plasma. It is found that in a methane plasma C 2 H 6 ,C 3 H 8 , C 2 H 4 ,and C 2 H 2 are also present at high densities, together with CH 4 and H 2 ͑inlet gases͒. The main radical in the plasma is CH 3 . At low pressure ͑e.g., 0.14 Torr͒ the most important ion is found to be CH 5 ϩ , at higher pressure ͑e.g., 0.5 Torr͒ C 2 H 5 ϩ becomes the dominant ion.
I. INTRODUCTION
Plasma assisted chemical vapor deposition ͑PACVD͒ reactors are frequently used to deposit amorphous carbon (a-C:H) layers on materials.
1,2 These layers, also called diamond-like carbon layers, can be deposited on a variety of substrates by PACVD using different kinds of plasmas, i.e., a microwave plasma, 3 an electron cyclotron resonance plasma, 4 an inductively coupled plasma, 5 or a capacitively coupled rf plasma. 6 In order to improve the deposition process, plasma modeling can be of great use to predict the composition of the plasma and to optimize the plasma parameters ͑pressure, power, gas flow, and gas mixture͒.I n recent years, a number of methane plasma models have been published. 1,4,6 -13 Tachibana et al. 6 developed a plasma model where all the particle balance equations are solved interactively assuming steady state. The other models can be subdivided in the way they treat the electron kinetics. In some models, 7, 8 constant electron reaction rate coefficients were used, whereas the plasma model described in Ref. 9 used the electron reaction rate coefficients as fitting parameters. In other cases, a Maxwellian 4 or a Druyvesteynlike 10,11 electron energy distribution function was assumed for the calculation of the electron reaction rate coefficients. In Ref. 1, a fluid model ͑comparable with the fluid model we present here͒ was developed which was coupled with a Boltzmann equation solver for a dc field calculation of the electron energy distribution function ͑EEDF͒. As input for this fluid model, swarm data were used. In the present work we have developed a one-dimensional ͑1D͒ fluid model for a methane plasma ͑consisting of 20 species͒ that is based on the first three moments of the Boltzmann equation. The EEDF is obtained from the Boltzmann equation using the Lorentz approximation. With this method, the electron reaction rate coefficients are obtained for every electron reaction, as a function of average electron energy ͑0-20 eV͒. This way of handling the electron kinetics has already proven to be successful in the past 14 for the simulation of silane plasmas. While some models 6,9,10,13 described above make use of total cross sections assuming certain accompanying fragmentation patterns for the different species formed in the electron reaction, we tried to use as much as possible ''partial'' cross sections ͑i.e., individual cross sections for every reaction͒.In contrast to most of the models described above, we included two or more vibrational excitations for every nonradical neutral ͑C 2 H 6 ,C 3 H 8 ,C 2 H 4 ,C 2 H 2 ,C H 4 ,and H 2 ͒. These reactions cannot be neglected because a considerable fraction of the electron energy is lost in the vibrational excitation reactions. The same result has been found for silane plasmas.
reactions between neutral species ͑neutral-neutral reactions͒, ion-neutral reactions, and electron-neutral reactions. The electron reactions can be divided into three categories: vibrational excitation, dissociation, and ionization. Electronic excitation is assumed to lead to dissociation and is therefore implicitly taken into account ͑see Sec. II B 1 below͒.
In Sec. II, the model is described. A detailed overview of all the reactions incorporated in the model is given, together with a calculation of the transport coefficients necessary for the model. A brief description of the boundary conditions for the different species described in the model is also given. In Sec. III, the results of the model are presented. These results are compared with experimental and calculated results found in the literature. Further, simulations were carried out for a range of parameter settings ͑power, pressure, gas flow, gas flow mixture͒ to investigate the effect of these parameters. Finally, the conclusions are given in Sec. IV.
II. DESCRIPTION OF THE MODEL

A. General description of the fluid model
The fluid model used in this work was originally developed by Nienhuis et al. 14, 15 for the simulation of silane rf discharges. This self-consistent 1D fluid model consists of the balance equations for the densities of the various species in the plasma ͑electrons, positive and negative ions, radicals and background neutrals͒. The gas inlet and pumping are incorporated into the model by means of additional source and sink terms in the density balance equations of the different species. The energy balance equation for the electrons is also included. For the ions, no energy balance equation is considered because the ion energy is assumed to be equal to the neutral gas thermal energy. The fluxes of the neutral and ionic species are calculated in the model by the driftdiffusion approximation: the diffusion term describes the transport of species due to the density gradient, while the drift term determines the transport of the charged species under the influence of the electric field. Because the ions cannot follow the actual electric field, an effective electric field is taken into account. All the equations mentioned above are coupled with the Poisson equation, to obtain the electric field. ͑See Ref. 14 for a more detailed description of the equations.͒ All simulations were carried out for a small capacitively coupled rf PACVD reactor with a distance of 3 cm between the two electrodes. One electrode is electrically grounded while the other is connected to an rf ͑13.56 MHz͒ power supply. The 1D model gives information about the densities of the radical and the ionic species as a function of distance from the electrodes. The densities of the nonradical neutrals are assumed to be homogeneously distributed between the two electrodes and will be referred to as background neutrals in this article.
The source terms for the density balance equations are given by the electron reactions, the ion-neutral reactions, and the neutral-neutral reactions ͑see below͒. The electron reactions ͑ionization, dissociation, vibrational excitation͒ depend strongly on the electron energy distribution function. Before starting the fluid simulation, the EEDF is obtained for a large number of electric field values from the Boltzmann equation, using the two-term expansion, for a given background gas density and composition. The distribution functions obtained in this way are used to construct a ''look-up'' table ͑i.e., for every value of the electric field, both the average electron energy and the various reaction rate coefficients are calculated from the EEDF, and this leads to a look-up table ͑reaction rate coefficients as a function of average electron energy͒ for every electron reaction͒
The latter can be used afterwards to compute the source terms ͑i.e., the electron reaction rates͒ in the fluid model. Consequently, in the fluid model, the average electron energy is calculated as a function of space and time ͑from the electron energy balance equation͒ and the corresponding reaction rate coefficients, which are used as source terms in the density balance equations, can then be obtained from the look-up tables. The source term obtained from an electron reaction is given by the product kN e N gas , where k is the reaction rate coefficient, N e the electron density, and N gas the gas density of the gas which is involved in the reaction. The total source term for the density balance equation of a species is obtained by summation of the production and loss terms of all the reactions included. The reaction rate coefficients of the neutral-neutral reactions and the ion-neutral reactions, which are also required for the source terms in the density balance equations are assumed to be constant and are taken from the literature ͑see Secs. II B 2 and II B 3 below͒.
In the 1D rf model, no dc self-bias voltage is considered because both electrodes have the same size. The power input into the plasma is transferred to the charged species ͑elec-trons and ions͒ by ohmic heating. As discussed, the fluid model needs the electron reaction rate coefficients obtained from the Boltzmann equation as input, and on the other hand the latter requires the densities of the background gases calculated from the fluid code in order to construct the look-up tables. Hence, both parts ͑fluid part and EEDF part͒ are run iteratively until the changes in the density of the background gases are less than 10 Ϫ4 . The convergence criterion of the fluid model is defined as the error between the discharge parameters ͑density of the species, potential, electron energy, electron density͒ at the beginning of two subsequent rf periods, and is typically set to 10 Ϫ6 -10 Ϫ7 . The rf discharge operates in the alpha regime at the conditions under study, and therefore, secondary electrons could be neglected in the fluid model. It is worth mentioning that, at higher power, the capacitively coupled plasma is often operated in the gamma regime, where secondary electrons are important. It should be noted that, in such cases, the EEDF has a lower electron temperature and a higher energy tail than in the present case, which results in different electron-impact reaction rates and different radical compositions.
Compared to a 2D model, 11, 16 the 1D model has the great advantage of a reduction in computation time, while important information about the plasma characteristics and the densities of the species can still be obtained. Therefore, the 1D fluid model is very useful for a sensitivity study to investigate which reactions and species are the most important in the methane plasma. The results of this sensitivity study for a methane plasma are given in Sec. II B. The main disadvantage of a 1D model is that no information is obtained about the fluxes of the species towards the electrodes as a function of the radial distance, hence, no information can be obtained about the uniformity of the deposited layer.
B. Fluid model applied to a methaneÕhydrogen plasma
A sensitivity analysis showed that the methane/hydrogen plasma can be modeled in a realistic way using 20 species. An overview of the species ͑electrons, ions, radicals, and background neutrals͒ taken into account in the model is given in Table I . First of all, the inlet gas ͑CH 4 or a mixture of CH 4 /H 2 ͒ plays an important role in the plasma, and these gases are present in the plasma at high densities. It is found in the literature 6,12 that higher order neutral molecules ͑C 2 H 6 , C 3 H 8 ,C 2 H 4 ,C 2 H 2 ͒are also present in the plasma at high densities; hence, these species are also included in our model. Although we have included for every nonradical neutral molecule two or more vibrational excitation reactions, these vibrationally excited species are not taken into account separately in order to limit the number of species in the model. Furthermore, eight ionic and five radical species are described in the model ͑see Table I͒ . Although it is experimentally found 17 that some other radical and ionic species ͑e.g., C 2 H 3 ,C 3 H 4 ,C 2 H 3 ϩ ,...͒ are present in a methane plasma at lower densities, they are not considered in our model. Negative ions ͑mainly CH 2 Ϫ and H Ϫ ͒ are not incorporated either, because it is found 1 that the negative ion density in a methane plasma is about one order of magnitude lower than the electron and positive ion densities. Hence, a CH 4 plasma has a strong electropositive character. This is in contrast to a SiH 4 plasma, where negative ions play a much more important role in the plasma ͑electronegative discharge͒. 14 
Electron impact collisions taken into account in the model
An overview of the electron impact reactions ͑i.e., ionization, dissociation, and vibrational excitation͒ taken into account in the model is given in Table II . Electronic excitation reactions were not included in the model because it is found in the literature that for methane, 18 as well as for silane and disilane, 19 all excited states of these molecules lead to dissociation. Hence, we have also assumed that the electron reactions causing electronically excited states for the higher order neutrals ͑C 2 H 6 ,C 3 H 8 ,C 2 H 4 ,C 2 H 2 ͒lead to dissociation. Information about the cross sections of rotational excitation of the various nonradical neutral molecules is very difficult to find, but since rotational excitation clearly takes much less energy away from the electrons than vibrational excitation, it seems justified not to include rotational excitation in the model. The references of cross sections used in the model for the various reactions are also indicated in Table II . For a methane plasma, a lot of information about the cross sections is known from the literature. 20, 21 In order to obtain a detailed description of the different species in the plasma, ''partial'' cross sections were used in the model instead of the total cross sections. However, for the following electron reactions, no information about the corresponding cross sections could be obtained:
Therefore, the following approximations are made. For reactions 1 and 2, the total dissociation cross section of C 2 H 6 22 is used, hence no other dissociation channel is considered. For reactions 3 and 4, the total ionization cross sections of C 2 H 4 and C 2 H 2 were used ͑hence, assuming that C 2 H 4 ϩ and C 2 H 2 ϩ are the only ionization products͒. It is mentioned in the literature 13 ,23 that reaction 5 is also very important, but no 
Ion reactions included in the model
Seven ion-neutral reactions have been included in the model. An overview of these reactions, as well as the reaction rate coefficients can be found in Table III . The first three reactions are taken from Ref. 8 , whereas the reactions involving H 3 ϩ ions are adopted from Ref. 25 . Although some more ion-neutral reactions have been taken into account in the methane model described in Ref. 8 , it is found from our calculations ͑see Sec. III͒ that the present plasma model with seven ion-neutral reactions gives results comparable with ͑experimental and calculated͒ data found in the literature for a wide range of process parameters ͑pressure, gas inlet flow, power͒.
Neutral-neutral reactions incorporated in the model
In Table IV , an overview is given of the neutral-neutral reactions included in the plasma model. Tachibana et al. 6 described a plasma model with 23 neutral-neutral reactions. We considered only the 12 most important neutral-neutral reactions in order to keep the computational effort low. It can be found from Ref. 6 that a CH 4 molecule reacts with a CH 2 radical to form the excited molecule C 2 H 6 *, which dissociates rapidly into two CH 3 radicals. Since the dissociation occurs on a short time scale, no excited intermediate state molecules are taken into account in our model. The same applies for some other neutral-neutral reactions. The neutral-neutral reactions where an intermediate excited state was formed ͑al-though the latter was not taken into account in the model͒ are indicated with an a in Table IV .
Transport coefficients
For all the species described in the model, the diffusion coefficients and the mobility coefficients ͑only for the ions͒ have to be calculated. For the neutral species ͑radicals and background neutrals͒, the diffusion coefficients D ij (m 2 /s) of the neutral species j in each of the background gases i ͑CH 4 , H 2 ,C 2 H 6 ,C 3 H 8 ,C 2 H 4 ,C 2 H 2 ͒are obtained using the following expression:
where k b is the Boltzmann constant, T gas stands for the gas temperature of the neutrals which is assumed here to be 400 K. The total pressure is given by p tot (Pa). The reduced mass ij is given by m i. m j /(m i ϩm j ). ij is the binary collision diameter and ⌿ is the dimensionless temperature. The calculation of ij and ⌿ requires the Lennard-Jones parameters ͑Å͒ and ͑ K ͒for every species. The binary collision diameter ij is given by ( i ϩ j )/2, and the dimensionless temperature ⌿ equals T gas / ij ͑with ij ϭ( i. j ) 26 . For the other species ͑radicals and ions͒, these parameters were calculated by linear interpolation. For example, the Lennard-Jones parameters for the radicals CH 2 and CH 3 were obtained by linear interpolation ͑from the data for CH and CH 4 ͒ using the following formulas: 
where x has the value of 2 and 3 for CH 2 and CH 3 , respectively. For C 2 H 5 , the Lennard-Jones parameters could not be obtained by linear interpolation ͓due to the difference in molecule configuration between C 2 H 6 (sp 3 ) and C 2 H 4 (sp 2 )͔; therefore we used the values of C 2 H 6 . An overview of the Lennard-Jones parameters of the species can be found in Table V .
Finally, the diffusion coefficient D j of the species j in the entire gas mixture ͑the sum of all the background gases i͒ is obtained from the different D ij values using 28 
P tot
with p tot the total pressure and p i the partial pressure of the background gas i. The ion mobility coefficients j (m 2 /Vs) of the ions in the gas mixture can be calculated in a similar way as the diffusion coefficients for the neutral species. First, the ion mobility coefficient i, j of an ion j in each of the background gases i is calculated using 28 i, j ϭ0.514
The reduced mass ij is here given in amu, while ␣ i (Å 3 )i s the polarizability of the background gas i. All other parameters used in the above equation have been defined before. The polarizabilities are taken from Ref. 29 and are also presented in Table V . Finally, the ion diffusion coefficient D j of an ion j in the total gas mixture can be obtained using the Einstein relation
with T ion the ion temperature ͑which is assumed to be equal to the gas temperature͒ and j the mobility coefficient of the ion in the gas mixture.
Boundary conditions
The boundary conditions for the different species are incorporated in the fluid model by means of a ''sticking model'', 14 so that some preliminary information can also be obtained about the growth of the layer. In this model, the radicals and the ions react with the surface, while the nonradical neutral molecules do not influence the growth of the layer. It is assumed that all the ions have a sticking coefficient of 1. 4 The radicals taken into account for the film growth in the model are CH 3 ,C H 2 ,and C 2 H 5 , with a sticking coefficient of 0.01, 30, 31 0.025, 32 and 0.01, 7, 33 respectively. When a radical sticks to the substrate, not all atomic hydrogen is incorporated in the layer. The amount of hydrogen incorporated into the layer is set to 30%, the other amount of atomic hydrogen flows back into the plasma as molecular hydrogen gas. While the radicals CH 3 ,C H 2 ,and C 2 H 5 contribute to the film growth, the H radicals etch the layer to form volatile CH 4 molecules. 4, 31 Because no exact data are known for the etching process, this rate has been fitted to obtain a growth rate that corresponds well to the values found experimentally. Using this constant fitting parameter, the calculated deposition rate corresponds well with the experimental deposition rate 2 in the power range of 20-120 W.
III. RESULTS AND DISCUSSION
Typical results of the fluid model are the densities of the various species, the electric field, and the electron density as a function of distance between the electrodes and as a function of time in the rf cycle. Moreover, information is obtained about the fluxes of the different species towards the electrodes, and about the plasma characteristics ͑rf voltage, plasma potential, ohmic heating of the electrons, and various ions͒. In this work, we will concentrate on the calculated density profiles of the various plasma species between the electrodes. The effect of power, gas mixture (CH 4 /H 2 ), gas inlet flow, and pressure will be investigated. The parameter ranges for which the calculations are performed are given in Table VI . Figure 1 illustrates the calculated densities of the nonradical neutral molecules, the radicals and the ions considered in the model at 0.14 Torr, 25 W, 13 12 measured the partial pressures of these background neutrals in a rf methane plasma. These experiments have been carried out under somewhat different experimental conditions ͑0.03 Torr, methane gas flow varying between 2.4 and 10.4 sccm͒ than the parameters used in our theoretical calculations. However, the same tendency ͑i.e., the presence of the higher order hydrocarbon molecules in the plasma͒ was found. It should be mentioned that the influence of the gas inlet and the background pressure on the relative abundancies of the species densities is rather small ͑see Figs. 6 and 7 below͒, so that the comparison of the experimental data with our calculated result is justified.
A. Calculated densities of the plasma species versus distance in the plasma
Further, it follows from Fig. 1 that the most important radical in the plasma is found to be CH 3 with a density of about 5ϫ10 18 Although the power used in the experiment ͑500 W͒ is much higher than the power assumed in the calculation ͑25 W͒, the density values are the same. This is, however, logical because our calculations predict that the densities of the nonradical molecules do not vary significantly with power ͑see Fig. 3 below͒. In general, the densities calculated with our model also correspond with the results obtained by Tachibana et al., 6 who calculated the densities of a variety of species in a wide range of power (10 Ϫ1 -10 3 W) at 0.22 Torr. However, some differences in species densities can be seen. This can be explained by the fact that different models include different reactions which affect the results of the model to a certain extent.
Finally, Fig. 1 also presents the densities of the ions in the plasma. Only the densities of the most important ions ͑ CH 5 ϩ ,C 2 H 5 ϩ ,C H 4 ϩ ,and CH 3 ϩ ͒ are shown; the densities of the other ions considered in the model ͑C 2 H 4 ϩ ,C 2 H 2 ϩ ,H 2 ϩ ,and H 3 ϩ ͒ are not given. Note that the C 2 H 4 ϩ and C 2 H 2 ϩ densities actually represent the group of ions ͑i.e., for C 2 H 4 :C 2 H 4 ϩ , C 2 H 3 ϩ ,C 2 H 2 ϩ ,C H 3 ϩ ,C H 2 ϩ ͒formed in the ionization reactions with C 2 H 4 and C 2 H 2 , respectively. This follows from the fact that we used the total ionization cross sections for these two reactions. It should be noted that for the ion density the time averaged value is given because the ion density changes slightly with time in the sheath zone. The densities of the radicals and neutrals, on the other hand, do not change as a function of time.
The electron density is found to be in the order of 10 15 electrons/m 3 . In Fig. 2 , the electron density is shown at four phases ͑/2, ,3/2, 2͒ of the rf cycle. It can be seen that the electron density changes strongly as a function of time in the sheath zone, whereas the density in the bulk plasma stays nearly constant.
B. Effect of varying power
We have carried out six simulations in the power range between 15 and 100 W, while all other plasma parameters were kept constant ͑see Sec. III A͒. The densities ͑in the middle of the plasma͒ of the most important nonradical neutral background molecules, the electrons, the ions, and the radicals are plotted in Fig. 3 as a function of power. From this figure, it can be seen that the CH 4 density decreases somewhat with increasing power, whereas all the other plasma species densities ͑nonradical neutrals, radicals, ions, and electrons͒ are slightly increasing. The tendencies in our results are in agreement with the results found by Tachibana et al., 6 who performed simulations in a much wider range of power (10 Ϫ1 -10 3 W) for a similar discharge pressure ͑0.22 Torr͒. Good agreement was also reached between our results and the calculated densities of the radicals and the neutrals found by Rhallabi Fig. 4 . It can be seen that in both cases the conversion factor increases with rising power. At higher power, a good agreement was reached, whereas at low power the agreement is less satisfactory. It should be noted that the power values used in the model correspond to the powers that are effectively put into the plasma. It is generally known that not all the power from the rf generator effectively goes into the plasma, but the exact percentage is not known. We assumed that the power going into the plasma is 50% of the generator power, in analogy to Ref. 14. Hence, it is very difficult to compare the calculated and experimental results in absolute terms, but the general trends appear to be already in satisfactory agreement.
C. Effect of varying gas flow mixture
To investigate the effect of the gas flow mixture, the latter was changed from 20 sccm pure CH 4 to a mixture of 10 sccm CH 4 and 10 sccm H 2 ͑with intervals of 2 sccm͒. All the simulations were carried out with a total gas flow of 20 sccm while all other plasma parameters were kept constant ͑see Sec. III A͒. The results of these simulations can be found in Fig. 5 for the densities of the neutral molecules, the radicals, the ions, and the electrons. The densities of the nonradical neutrals increase in the same linear way with rising CH 4 sccm gas flow, except for the H 2 density, which is logical because the H 2 gas flow decreases. The densities of the radicals appear not to be significantly influenced by the change of CH 4 /H 2 gas flow mixture, except for the density of CH 3 , which increases slightly with increasing CH 4 gas flow. As far as the ions are concerned, the H 2 ϩ and H 3 ϩ ion densities decrease more drastically with rising CH 4 gas flow ͑and hence decreasing H 2 gas flow͒ than the CH 4 ϩ and CH 3 ϩ densities, which also decrease to a certain extent. The densities of the CH 5 ϩ and C 2 H 5 ϩ ions, on the other hand, appear to increase with rising CH 4 gas mixture. This can be explained by the ion-neutral reactions which create mainly CH 5 ϩ and C 2 H 5 ϩ at rising CH 4 gas flow. 
D. Effect of varying total gas flow
The calculated densities of the nonradical neutral molecules, the radicals, the ions, and the electrons as a function of increasing total gas flow ͑i.e., 5-25 sccm CH 4 ,n oH 2 ͒is given in Fig. 6 . All other plasma parameters were kept constant ͑see Sec. III A͒. The CH 4 density increases with rising CH 4 flux, which is logical. The densities of the other species remain more or less constant, or decrease slightly. As a consequence of the constant pressure, the residence time of the different species decreases when rising the inlet flow of CH 4 . When the residence time of the species decreases, the molecules are pumped out of the reactor more rapidly. This implies that less reactions ͑neutral-neutral and ion-neutral reactions͒ can occur between these molecules, so less H 2 is formed. ͑because H 2 is the major reaction product in most of the reactions, see Tables III and IV͒ 
E. Effect of varying pressure
In order to study the effect of gas pressure, five simulations were carried out in the range varying from 0.14 to 0.5 Torr. The densities of the nonradical neutrals, the radicals, the ions, and the electrons are plotted as a function of pressure in Fig. 7 . Note that for each simulation at a certain pressure, the transport coefficients have to be recalculated from the formulas described in Sec. II B 4. The densities of the nonradical neutrals increase slightly for all species as a function of pressure. The densities of the radicals do not vary significantly with pressure ͑except for CH 2 , which decreases significantly at rising pressures͒. The C 2 H 5 ϩ ion density increases to the same extent with rising pressure as the nonradical neutrals, while all the other ion densities ͑CH 5 ϩ ,C H 4 ϩ , CH 3 ϩ ͒ drop drastically. This can be explained by the fact that at higher pressures ion-neutral reactions become more im- FIG. 5 . Calculated densities of the nonradical neutrals ͑᭹͒, radicals ͑ϩ͒, ions, and electrons ͑᭡͒ as a function of CH 4 and H 2 gas flow mixture. The total gas flow is kept constant at 20 sccm; the CH 4 gas flow varies between 10 and 20 sccm, whereas the H 2 gas flow varies between 0 and 10 sccm. The other parameters are kept the same as in Fig. 1.   FIG. 6 . Calculated densities of the nonradical neutrals ͑᭹͒, radicals ͑ϩ͒, ions, and electrons ͑᭡͒ as a function of CH 4 sccm ͑no H 2 inlet͒. The other parameters are kept the same as in Fig. 1.   FIG. 7 . Calculated densities of the nonradical neutrals ͑᭹͒, radicals ͑ϩ͒, ions, and electrons ͑᭡͒ as a function of gas pressure. The other parameters are kept the same as in Fig. 1. portant. As can be seen from Table III , in most of the ionneutral reactions, CH 5 ϩ and C 2 H 5 ϩ are formed. CH 5 ϩ can also further react to C 2 H 5 ϩ , hence this explains why C 2 H 5 ϩ becomes the major ion at higher pressures.
F. Information of the fluxes towards the electrodes
As mentioned in Sec. II B 5, the growth of the layer depends on the fluxes of the radical and ionic species towards the electrodes. In Fig. 8 , the fluxes ͑m Ϫ2 s Ϫ1 ͒ of the radicals ͑CH 3 ,C H 2 ,C 2 H 5 ,H͒ and ions ͑CH 4 ϩ ,C H 3 ϩ ,C H 5 ϩ ,C 2 H 5 ϩ ͒are presented as a function of power. The other plasma parameters were kept constant ͑see Sec. III A͒. It can be seen from Fig. 8 that all the fluxes ͑except CH 5 ϩ and C 2 H 5 ϩ ͒ increase slightly as a function of power. Because no bias voltage can be applied in the 1D model, the fluxes towards both electrodes ͑powdered and grounded electrode͒ are the same. Note that the H flux contributes to the erosion of the layer, while the other fluxes determine the growth of the layer ͑see Sec. II B 5͒.
IV. CONCLUSION
A 1D fluid model for a methane capacitively coupled rf plasma has been presented. The fluid model, coupled with the Boltzmann equation to calculate the EEDF predicts the densities of the various plasma species ͑neutrals, radicals, ions͒. This has been illustrated over a wide range of plasma parameters ͑power, gas flow, gas flow mixture, pressure͒.T o validate our model, we compared our calculated results with experimental and calculated data available from the literature. From this comparison it can be concluded that the developed methane model ͑consisting of 20 species͒ is able to predict the different species densities quite well. It is found that also the higher hydrocarbon molecules ͑C 2 H 6 ,C 2 H 4 , C 2 H 2 ,C 3 H 8 ͒are present in the methane discharge in contrast to a silane plasma. The main radical is found to be CH 3 , while the most important ions are found to be C 2 H 5 ϩ ,C H 5 ϩ , CH 4 ϩ , and CH 3 ϩ . Although the densities of H 2 ϩ and H 3 ϩ are found to be rather low, they play an important role in the ion-neutral reactions to form mainly the ions CH 5 ϩ and C 2 H 5 ϩ . In total, 14 vibrational excitation reactions have been taken into account with the different background neutrals, in order to obtain a more accurate EEDF. It should be noted that the results in this article are restricted to the alpha regime, hence no secondary electrons are taken into account. In the future, we plan to extend the methane plasma model to a 2D geometry, in order to obtain information about the uniformity of the plasma in the reactor, and about the uniformity of the deposited layer. The present model already gives information about the fluxes of the different species towards the electrodes, however, a detailed deposition model has not yet been included. ) fluxes towards the electrodes as a function of power. The other parameters are kept the same as in Fig. 1 .
